Spintronic ferromagnetic/non-magnetic heterostructures are novel sources for the generation of THz radiation based on spin-to-charge conversion in the layers. The key technological and scientific challenge of THz spintronic emitters is to increase their intensity and frequency bandwidth. Our work reveals the factors to engineer spintronic Terahertz generation by introducing the scattering lifetime and the interface transmission for spin polarized, non-equilibrium electrons. We clarify the influence of the electron-defect scattering lifetime on the spectral shape and the interface transmission on the THz amplitude, and how this is linked to structural defects of bilayer emitters. The results of our study define a roadmap of the properties of emitted as well as detected THz-pulse shapes and spectra that is essential for future applications of metallic spintronic THz emitters.
In this work, we reveal the significance of the sample growth, i.e., the defect density and interface quality, for the enhancement of the emitted THz signal amplitude and bandwidth. We address the influence of single-crystallinity and the local FM/NM interface morphology on the THz emission. We link the structural properties of the metallic bilayers with the THz signal amplitudes and spectra of the emitters. We compare our experimental findings with a theoretical model based on the Boltzmann transport equation that accounts for the differences in elastic electron scattering lifetime in the layers and for the transmission of spin-polarized hot carriers at the Fe/Pt interface.
Results
Epitaxial and polycrystalline growth. In order to address the generation of THz radiation by spintronic emitters with varying structural parameters, we investigate fully epitaxial stress-free, deformed epitaxial and non-epitaxial bilayers. We use Fe/Pt bilayer samples as a model system with different interfaces and crystal quality. We focus on Fe (2 nm)/Pt (3 nm) bilayers since these thicknesses are optimized to provide the highest THz amplitude 3, 7 . The Fe/Pt samples were either grown epitaxially on MgO (100) or polycrystalline on sapphire Al 2 O 3 (0001) substrates [22] [23] [24] . Conventional and high resolution zero-loss energy filtered transmission electron microscopy (HR EFTEM) measurements shown in Fig. 1 , present two cases: one Fe(2 nm)/Pt(3 nm) sample grown entirely at 300 °C (300 °C-Pt-sample) and another Fe (2 nm)/Pt (3 nm) grown at 300 °C (Fe layer) and at room temperature (RT) (Pt layer), (RT-Pt-sample). In all images of Fig. 1 , the thin-film system is clearly distinguishable from the substrate. At higher magnifications, the epitaxially grown atomic planes within the Fe/Pt system are well resolved. A contrast within the thin-film system varies both in longitudinal and transversal directions relative to the substrate that points toward different local crystallographic orientations within the thin-film systems. An absence of detectable grain boundaries within the bilayer indicates that local disorientation becomes possible with the help of local defects (dislocations, vacancies) or/and elastic deformations, which is possible within very thin layers. The comparison of the two different samples shows that the deformation in the RT-sample is substantially stronger than in the one grown at 300 °C. The deformation can be understood as local nm-sized areas that are twisted (small rotations or tilts) relative to the MgO substrate. These twisted regions are noticeably fewer for the 300 °C-Pt-sample, which results in relatively large, almost deformation-free lateral regions. The RT-Ptsample has strongly deformed regions that dominate the bilayer within both individual layers. These microscopic findings reflect the quality of the interface: the 300 °C-Pt-sample possesses an undisturbed Fe/Pt interface for lateral sizes of about 20 nm (see vertical lines in Fig. 1a ). The corresponding defect-free lateral area for the more strongly deformed crystal for the RT-Pt sample reaches values close to 3-4 nm (see vertical lines in Fig. 1c ). For even larger magnifications, Fig. 2a ,b, the cause of the differences in deformations is visible: Fig. 2a for 300 °C-Pt sample reveals the bilayer and epitaxial character of the thin-film system that remains clearly discernible. The lattice spacing within the regions of the Pt and Fe layers provide lattice constants for practically stress-free single (100), where the Fe layers are grown at 300 °C, but the Pt layers are grown at 300 °C (a,b) and room temperature (RT, c and), respectively. The dark-contrast regions correspond to the local nm-sized areas, being twisted relative to the MgO substrate. This twisting (small rotations or tilts) causes strong diffraction contrast. In (a,b), such twisted regions are noticeably fewer and more localized. This produces relatively large and weakly deformed (almost deformation-free) lateral regions (marked with vertical lines). In (c,d), the opposite situation occurs: the weakly deformed areas are laterally small and the strongly deformed regions dominate the bilayer within both individual layers. The high contrast between two individual layers in the RT-Pt sample is qualitatively similar to the one in the case of amorphous (or ideal polycrystalline) layers, where it is caused by a big difference in the atomic form-factor between Fe and Pt. It is a direct evidence for a deformed crystal growth of individual layers. The relatively weak contrast difference between the Fe layer and the single crystal MgO points to a good crystallographic adaption of the Fe layer to the substrate. Together with the previous statement, this implies that the Pt layer is the most laterally deformed one. On the other side, the loss of contrast difference between the Fe layer and Pt for the 300 °C-Pt sample reveals good epitaxial growth of the complete bilayer. crystals. On the other hand, in Fig. 2b (RT-Pt-sample) the Fe layer is characterized by a (110) lattice spacing of about 0.197 nm that is substantially smaller than strain-free Fe and lies very close to the (200) lattice spacing of Pt. The relaxation processes of the strained lattices lead to local crystallographic disorientations in both cases. However, the degree of disorientation is noticeably stronger and disorientations occur more frequently in the RT-Pt-sample. It is worth noticing that the presented images of the HR EFTEM investigations are representative for the entire layers of interest. The differences in the local microstructure have dramatic influence on the ability of the samples to emit THz radiation.
Capturing the structure-dependent THz emission with Boltzmann transport simulations. The electron dynamics that determines the evolution of THz emission from fully disoriented crystallites (maximum number of defects) to fully epitaxial bilayers (minimum number of defects) is theoretically described a model based on the Boltzmann transport equation (BTE) which captures the following scenario 25, 26 . Femtosecond laser pulses excite electrons from below to above the Fermi level. The excited quasi-free carriers ("hot carriers") then move through the structure and scattering processes are responsible for the eventual return to equilibrium. The BTE (see methods, Eq. 1) determines the space-and time-dependent carrier distribution function of electrons with a spin-orientation 27 . The absorption of a fs laser pulse inside the metallic layers is governed by typical optical parameters (see methods) and we follow the idea originally proposed in ref. 2 to calculate absorption, electron dynamics and THz emission. Our numerical approach for solving the BTE in multilayer systems is presented in ref. 28 . As result of our simulation, the time-dependent carrier distribution for hot spin-up and spin-down electrons is obtained for the Pt layer and will be used for calculating the spin current. Critical material parameters concerning the structural features of the heterostructures are the elastic scattering lifetime τ el that correlates with the overall defect density in the Fe and Pt layers and the Fe/Pt interface transmission coefficient T that is influenced by local lattice defects at the interface. Other material parameters, such as carrier velocities at different energies as well as their lifetimes are taken from literature (from ref. 29 for Fe and from ref. 30 for Pt).
Influence of the elastic electron-defect scattering lifetime on the THz emission.
First, we discuss the variation of the electron-defect scattering lifetime. Typical elastic scattering times are on the order of 50 fs and can be decreased by increasing the number of defects. In Fig. 3a , the induced spin current averaged over the Pt layer is shown. The results were calculated for Fe(2 nm)/Pt(3 nm) when irradiated from the Pt side. All signals show a bipolar pulse shape (one maximum and one minimum) with an initial peak close to the maximum of the laser excitation, t max = 175 fs. The signal does not vanish until 500 fs after its onset. The shape of the time-dependent spin current for small Fe/Pt layer thicknesses on the order of typical mean-free paths (carrier T refers to the ability of the optically-excited, spin-polarized carriers to cross the interface. Decoherence or dissipation of the spin current at the interface is neglected. The band structures of Fe and Pt are not considered for the transmission of hot carriers between the materials. Inset: Peak amplitudes of the spectra depending on the interface transmission T, normalized to the maximum value. lifetime 10 fs times carrier velocity 1 nm/fs) can be explained as follows: reflections of the electrons at the metal/ insulator and metal/air interfaces allow the charge carriers to traverse the metal stack many times and the net spin current is then formed as a combination of the temporal evolution of the fs pulse intensity and of the difference of the charge carrier velocities depending on their spin orientation. For longer elastic scattering lifetimes, the spin-polarized carriers contribute to a longer-lasting and stronger signal. The magnitude of the spin current decreases with smaller lifetimes or, equivalently, larger scattering rates. The minority carrier peak (negative sign) is enhanced for shorter lifetimes due to the earlier onset of majority carrier relaxation in Pt which propagate initially at higher energies. For smaller lifetimes, the spin current decays faster (shorter signal, especially for the negative part) which can be understood as a faster relaxation of the spin system towards equilibrium. The spin current spectra shown in Fig. 3b are the Fourier transforms of the spin currents from Fig. 3a . Since the magnitude of the spin-polarized charge currents decreases with lower scattering time, the shape of the spin currents becomes more symmetric and the spectrum has a lower maximum value. The position of the maximum shifts towards higher frequencies, as the relaxation happens on a shorter timescale. Another main difference of the spectra is the absence of low-frequency components for shorter electron-defect lifetimes.
The aim of the following calculations is to simulate the THz-signal measured by the photoconductive antenna (PCA) starting from the results of the electron-transport calculation. To obtain the spectral electric field amplitude ω E( ) of the THz wave detected by the PCA, cf. Fig. 3c , from the spin current spectrum (Fig. 3b ), multiple steps have to be considered in the following: (i) The in-plane oscillating charge current ω j ( ) c in the Pt, which generates the THz emission, is proportional to the oscillating spin current ω j ( ) s by the ISHE. The proportionality constant is defined as the spin-Hall-angle (see Eq. 3). (ii) We analytically solve the Green function for the inhomogeneous Helmholtz equation and use the transfer-matrix formalism to account for the absorption and reflection of the THz wave by the metallic and insulator layers (see methods, Eq. 4 and following). (iii) The PCA www.nature.com/scientificreports www.nature.com/scientificreports/ detector itself modifies the experimentally measured spectra due to its frequency-dependent sensitivity (see methods). Figure 3c then shows the results of these calculations. The larger spectral amplitudes at lower frequencies for smaller scattering lifetimes prevail in the THz-spectra in Fig. 3c . After the propagation of the THz pulse through the lens, the pulse is emitted into free space and is directed by the THz optics onto the antenna. High-resistivity silicon is known for its small, frequency-independent attenuation of THz radiation. Therefore, the influence of the www.nature.com/scientificreports www.nature.com/scientificreports/ Si-lens on the spectrum in Fig. 3c is small. It is outside the scope of the simulation to numerically model the influence of the 6 mm thick lens. Its effect on the spectrum is included in the extracted detector function (see methods). However, optical transmission, absorption and reflection effects in both the metallic and the MgO layer, as well as at the interfaces, have been taken into account by the transfer-matrix formalism. The general discussion for the spectra concerning τ el remains valid, however their bandwidth is decreased due to the strong optical absorption in MgO occurring above 3 THz 31 .
The scattering lifetime determines the maximum frequency of the spectrum as well as its bandwidth (FWHM). However, the exact position of the maximum frequency is difficult to extract with adequate accuracy using a photoconductive switch as the detector, such that in our discussion, we will use the spectral width for comparison with the experimental data.
To obtain the time-dependent, detected THz-pulses, and in order to compare them with the measured pulses, the spectra from Fig. 3c and their phase information (influenced by the dispersion of the materials involved) are used for an inverse Fourier transformation (IFT). The temporal pulse shape shown in Fig. 3d is now distorted, since different frequency components excited in the Pt layer propagate through the structure at varying velocities. Lower frequency contributions arrive earlier whereas high frequency components account for an oscillating tail of the signal that decreases to less than 10% of the peak value approx. 2 ps after the onset of the signal. Compared to the original pulses in a, the THz pulses in d are considerably extended in time due to the absence of the high-frequency components and are very similar to the experimentally measured pulses discussed in detail in the next section in Fig. 5 .
Influence of the Fe/Pt interface transmission on the THz emission.
So far, we have correlated different electron scattering lifetimes (due to changes in the defect density) with the amplitude and the bandwidth of the THz emission. In order to fully explain the evolution in the signal magnitude, the Fe/Pt interface transmission T for the hot carriers has to be taken into account. The previous model assumed a perfect transmission of T = 1 (no reflection R = 0 at the interface) for both majority and minority electrons at all energies above the Fermi level. As depicted by the results of the simulations in Fig. 4 , the shape of the spectra does not change with reducing the transmission, but the amplitude of the THz signal decreases gradually with lower T. As shown in the inset of Fig. 4 the peak amplitude decreases monotonically from = .
T 0 9 to = .
T 0 5 with a reduction of about 20% in amplitude. Therefore, even a moderate deviation from almost perfect transparency will still be visible in experiments. Although T is an energy-and material-dependent quantity, we will regard it as an independent parameter in our simplified model. This is partly due to the fact that T(E) is very difficult to calculate ab-initio (in particular for strained systems) and partly because it simplifies the physical picture for this study.
Experiment: Terahertz emission from structurally modified heterostructures. We now correlate the simulated behavior of the THz-emitters with experiments. The THz pulses and spectra obtained from the spintronic Fe (2 nm)/Pt (3 nm) emitters grown on MgO and sapphire are shown in Fig. 5a,b) : the E-field peak-to-peak amplitude of the emitter on sapphire is about 90% smaller than the one on MgO. The THz pulse of the emitter on sapphire is slightly compressed in time, which indicates a larger contribution of high-frequency components or equivalently lower dispersion (which is also true for sapphire 32 ).
The epitaxial emitter grown on MgO shows a large signal enhancement at frequencies lower than 3 THz. The epitaxial growth enhances the signal strength of the lower frequencies by about one order of magnitude. The large change in the amplitude is also present when the pulse is detected from the Pt-side, and thus is independent of www.nature.com/scientificreports www.nature.com/scientificreports/ the use of a Si-lens, cf. Fig. 9 . The inset in Fig. 5b) shows the change in the spectral width for both samples. This change is only visible when the measurement is performed with an attached Si-lens.
Next, we discuss the spectra of the Fe (2 nm)/Pt (3 nm) emitters grown on MgO shown in Figs 1 and 2 . When looking at the spectral amplitude of the THz pulses in Fig. 5c ) for fully epitaxial and partially epitaxial samples, it is apparent that the spectra possess similar shapes: all curves exhibit their maximum signal at around 850 GHz and have the same characteristic decrease in amplitude at around 3 THz because of the absorption profile of www.nature.com/scientificreports www.nature.com/scientificreports/ MgO 3 . In addition, the curves are shifted in amplitude (log-scale) by a factor of about 2. The fully epitaxial bilayer grown at 300 °C possesses the larger signal.
Both samples maintain the spectral shape of the THz radiation despite the different degrees of deviation from perfect epitaxy. Here, the interface transmission parameter, Fig. 4 , plays a significant role for the emitters grown on MgO. The interface transmission can be correlated to the lateral profile of the Fe/Pt interface. The relaxed lattice for the sample homogeneously grown at 300 °C possesses large undistorted Fe/Pt interface regions with lateral sizes of 20 nm. In contrast, the stressed sample contains undistorted Fe/Pt interfaces of around 4 nm lateral size. Such a lateral interface profile influences the ability of the interface to transfer spin angular momentum into Pt. Additionally, the induced disorder at the interface can partially depolarize and dissipate the spin current in Pt [33] [34] [35] which implies further decrease of the THz emission (which is not accounted for in the context of our model). The interfacial nature of the observed dependence of the THz emission can be further confirmed in similar Fe/ Pt samples with a Cu interlayer 7 . The insertion of a Cu interlayer has again no influence on the spectral composition of the generated THz pulse 7 . Only the amplitude is scaled down by a factor of 2 due to the reduction of the interface transmission of the two Cu interfaces. Similarly, in Fig. 5d , the concept of interface transmission based on the degree of epitaxy is valid even for much thicker layers Fe(12 nm)/Pt(6 nm) of similar interface quality 24 .
Discussion
The presented data chart the features of the emitted field amplitude and bandwidth of the THz radiation of spintronic emitters with varying growth conditions. We control the emitted THz spectra by modifying the defect density that results in changing the elastic electron-defect scattering lifetime in Fe and Pt and the interface transmission for spin-polarized, non-equilibrium electrons. We experimentally address the aforementioned factors by studying relaxed epitaxial, deformed epitaxial and fully non-epitaxial Fe/Pt bilayers. A decreased defect density increases the electron-defect scattering lifetime and our theoretical model predicts that this results in a significant enhancement of the THz-signal amplitude and shifts the spectrum towards lower THz frequencies. The www.nature.com/scientificreports www.nature.com/scientificreports/ parameter of the interface transmission is correlated to the ability of the interface to transfer hot carriers into the NM layer. The transmission influences the spectral amplitude of the emitted THz field but conserves the composition of the spectrum. Figure 6 provides an overview of these two effects. We plot the simulated emission properties of the spintronic emitters with respect to their scattering lifetime and to the interface transmission parameter. The size of the THz-pulse amplitude and the magnitude of the spectral width (FWHM) of the THz spectrum for different scattering lifetimes τ el is shown in Fig. 6(a,c) . For different transmission values, T, we extract the same quantities, cf. Fig. 6(e,g) . Three measurement schemes are presented: directly from the Pt side, through the MgO substrate and through the Al 2 O 3 substrate. Figure 6 predicts the properties of the THz emission. Furthermore, the anticipated emission spectra that account for the detector response are shown in the lower panel of Fig. 6(b,d,f,h) . The simulation results indicate that the spectral response of the detector dramatically decreases the ability to measure shifts of the spectral width in experiment.
We now turn the discussion to our experimental data. The theoretical values of Fig. 6 suggest that the effect of interface transmission and varying lifetimes can be disentangled once the spectral width is obtained. Again, the spectral width of the THz radiation only changes for different lifetimes, see Fig. 6(c,d) , whereas its amplitude varies for different τ el and T. For deconvolution, we determine the bandwidth (FWHM) of the THz spectrum for different τ el values and analyze the amplitude dependence on τ el and T. Results for the model setup that correspond to the experiment are shown in Fig. 6(b,d,f,h) . We first discuss the case of samples grown on different MgO and Al 2 O 3 substrates. The FWHM of 1.3 THz and 1.6 THz for MgO and Al 2 O 3 respectively from Fig. 5 (a, b, inset) corresponds to differences in τ el between the samples in the range of 30 fs. Next, we address the amplitude ratio. A ratio A non-epitaxial /A epitaxial of about 10% is obtained for measurements through the substrate. Figure 6b suggests that such big changes in the amplitude could be mainly justified with large differences in τ el which can be in the range of 40-50 fs (for MgO substrate) and around 10-20 fs for the sample on Al 2 O 3 substrate. By comparing both samples in measurements from the Pt-side (see methods), however, we do not find the change in the spectral width. The absence of the Si-lens for this type of measurement causes this effect. Even in the case that the shift is not detectable without the Si-lens, this indicates small shifts. The latter points to an additional influence of the interface transmittance, which changes the amplitude but not the spectral shape. Thus, we cannot completely disentangle both effects for this particular emitter pair as suggested by the theory. Nonetheless, both experiment and theory agree on the fact that the epitaxial structure yields higher peak-field values in all cases.
For the epitaxial-partially epitaxial Fe/Pt samples grown on MgO, no change in the spectral width (around 1.3 THz) is observed, Fig. 5 (c, inset) for all measurements with and without the Si-lens.
The experimentally measured relative amplitude change A partial-epitaxial /A epitaxial , is around 50% for the measurement through the substrate (see Fig. 5c ). If we assume the non-shift is due to small differences in elastic scattering lifetime then the significant reduction of the amplitude should be attributed to the interface transmission. We thus assume the fully-epitaxial and partially-epitaxial sample to show the same lifetime within the layers, as the prominent difference is attributed to the nm-scale changes in the quality of the interface that has been revealed by the TEM images. By referring then to to Fig. 6h (that is plotted for a specific τ = 30 fs el ) the change of 60% can be justified for samples with 100% and 50% transmittance.
Here, measurements from the Pt-side (see methods) underline our experimental result and further show that -in agreement with theory -the relative amplitude change is slightly reduced when not measuring through the substrate.
In conlusion, our study provides a qualitative picture of how the structural parameters, which can be related to our theoretical results, alter the spectral amplitude. The theory suggests changes in the spectral width at varying frequencies for different measurements, such that the proposed scheme to disentangle the contributions poses challenges on the experimental set-up. www.nature.com/scientificreports www.nature.com/scientificreports/ In Fig. 7 we sketch a roadmap of THz emission from magnetic films. The roadmap aims to predict the temporal and spatial evolution of the spin current inside the metallic layers by taking into account the generation and optical propagation of the THz wave, and to forecast the THz-pulse shapes and spectra by taking into account the electron scattering lifetime and the interfacial spin current transport. The present experimental and theoretical study proves that among the investigated Fe/Pt-structures, a defect-free epitaxial emitter yields the highest emitted-field amplitude. Theory suggests that the spectral width can be further controlled by introducing defects in the sample, which decrease the elastic scattering time at the cost of lower peak-field amplitudes.
Materials and Methods
Growth of Fe/Pt bilayers. Fe thin films were grown epitaxially on MgO (100) substrates by electron-beam evaporation technique in an ultrahigh vacuum (UHV) chamber with a base pressure of 5 × 10 −11 mbar. The growth rate was R = 0.04 Å/s controlled by a quartz crystal during the deposition procedure. The incident Fe beam was perpendicular to the MgO substrate. The cleaning protocol of the MgO (001) 1 × 1 cm 2 substrates involved annealing at 650 °C, and plasma-etching processing by a 50-50% mix of Ar and O 2 gas. The deposition of Fe was performed at room and at 300 °C substrate temperatures. After the deposition of Fe, annealing at the corresponding growth temperature was performed. At a next growth stage, a Pt layer was deposited on top of the Fe layer at 300 °C or at room temperature. Layer thicknesses of Fe (2 and 12 nm)/Pt (3 and 6 nm) were monitored in-situ by a calibrated quartz crystal oscillator and confirmed ex-situ by X-ray reflectivity (XRR) measurements.
Energy-filtered transmission electron microscopy.
Analysis by X-TEM was performed using a Jeol 2010 transmission electron microscope (thermionic LaB 6 cathode) in analytical configuration equipped with Gatan imaging filter GIF-863 Tridiem. The zero-loss EFTEM images were taken at an electron energy of 197 keV (energy window of 10 eV), a beam-convergence semi-angle (α) of 0.42 mrad and the collection semi-angle β) of 13 mrad in the bright-field imaging mode. The TEM samples were prepared employing a common cross-section (X-TEM) procedure encompassing an ultrasonic cutting of two 2 × 3 mm 2 plates from the sample, face-to-face gluing, mechanical grinding, and polishing, as well as a low-angle (4°) ion thinning (4 and 3 kV) and polishing (1.5 and 1 kV) by Ar-ions as the final steps. The penultimate step was continued until a small (length of about some tens of μm) lens-like hole appeared at the glued interface between two sample pieces. As a result, every X-TEM sample actually contained up to four thinned sample regions (4 edges), which were further analyzed independently. The regions available for HR EFTEM extended along the sample surface up to some μm starting from each edge of the central hole. Since the thinned sample regions are separated by several tens of μm along the surface from every side of this sandwich and by several mm between the glued sample pieces, the procedure ensured that the performed EFTEM investigations were representative for the entire layers of interest. The X-TEM samples were oriented relative to the primary electron beam such that the (200) Spintronic terahertz time domain spectroscopy. The THz experiments with the Fe/Pt heterostructures were performed with a standard terahertz time domain spectroscopy (THz-TDS) system ( Fig. 8) , where the heterostructures were used as THz emitters (the performance of the system is described in detail in ref. 3 ). The core of the system is a femtosecond Ti:Sa laser which produces 70 fs optical pulses at a wavelength of 800 nm with a repetition rate of 75 MHz and a typical output power of 500 mW. The laser beam is then split by a beam-splitter (BS) into pump and probe beam with a power ratio of 90: 10. The pump beam is led through a computer-controlled delay stage onto a spintronic THz emitter and the probe beam is used to excite a photoconductive antenna (PCA) with a dipole length of 20 μm that acts as THz detector. The spintronic emitter is magnetized by an external magnetic field (20 mT) in the magnetic easy axis direction, which is perpendicular to the direction of the incident pump beam. The external field determines the polarization plane of the generated THz wave. The optical pump beam is focused onto the heterostructure by an aspherical short-focus lens. The Fe/Pt bilayer emits THz pulses into the free space as a strongly divergent beam. The pump beam is focused onto the emitter from the Pt side and a hyperhemispherical Si-lens is attached to the substrate of the emitter to collimate the beam. The so formed conical THz beam is led via two off-axis parabolic mirrors (OPM) in an f-2f-f arrangement onto a second Si-lens attached to the PCA detector. To guarantee comparable experimental conditions, the alignment of the THz optics and of the detector is not changed during the exchange of the spintronic emitters. Since the lateral layer structure of the heterostructures is homogeneous and the position of the pump beam focus stays constant, the exchange of emitters does not influence the THz-signal. With the delay stage, the arrival of the THz pulse and the probe beam pulse is synchronized and the detected voltage at the PCA can be scanned. This voltage is proportional to the momentary electric field amplitude of the THz wave and, therefore, the THz-E-field and its phase can be measured as a function of the delay time. The voltage is measured by lock-in amplification while the pump beam is optically chopped. The THz spectral amplitude can be obtained by Fourier analysis. The bandwidth of the PCA detector with the 20 μm dipole length is limited to a minimum frequency of 100 GHz and a maximum frequency of 8 THz. While the lowest measurable frequency is only limited by the dipole length of the PCA (longer dipole Optical parameters of the substrate in the terahertz range. For a realistic description of the THz emission and propagation within the structure, we incorporate the material-dependent dielectric functions for the three main layers. The refractive index n and the absorption coefficient κ in MgO are calculated using fit data from experiments for a Lorentz oscillator model as presented in 31 . The results for MgO are shown in Fig. 11a . For the Fe and Pt layer, a Drude fit yields satisfactory results in the spectroscopic range considered 44 . In addition, it is found that changing the optical parameters in the two metals does not change the results substantially due to their small optical thickness. It is not within the scope of this work to model the silicon lens mounted on top of the MgO layer and propagation effects therein. However, the transition from MgO to Silicon is included assuming a constant index of refraction in silicon of n Si ≈ 3.42 45 . For the 0.5 mm-thick sapphire (Al 2 O 3 ) substrate, a constant refractive and absorption index of 3.33 and 0.01 are assumed, respectively, and constant phase/group velocity of 0.30/c 0 (ordinary beam) up to a frequency of 6 THz for the here-discussed spectra 32 .
Since the THz waves must propagate through a relatively thick layer of MgO, it is instructive to investigate the group-and phase velocity in this material. The resulting curves using the Lorentz Oscillator model 31 are shown in Fig. 11b . Both curves show a negative slope, showing that higher frequencies need longer times to propagate through the slab (dispersion).
Wave equation and transfer-matrix method.
To calculate the THz optical field measured in the experiment, we use the inhomogeneous wave/Helmholtz equation 46 , where ω denotes the photon frequency, ε 0 the vacuum permittivity, c the speed of light in vacuum and z denotes the direction normal to the layers in the heterostructure. The optical properties of the materials involved are given by the real and imaginary part of the dielectric function, ε′ and ε″, respectively, which are dependent on the photon frequency as well. The relation between those quantities and the wave vector for each material is given by:
where κ = +  n n i is the complex index of refraction with its real part n and the absorption coefficient κ. The laser-induced charge current is related to the electric polarization P via
c It serves as a source for terahertz radiation. The Green's function to this problem is defined by
and can be analytically solved by the following Green's function
The particular solution can then be constructed via
ik z z inh 0
In good approximation, the spin current is found to be constant throughout the emitting Pt layer. In addition, all metallic layers are very thin, such that ω ω = P z P ( , ) ( ) 0 can be assumed independent of z in these layers. The transfer matrix formalism is used to describe the propagation and transmission/reflection of the generated THz wave throughout the layers. The transfer matrix for the propagation inside each layer is given by: where, for the experimentally used structure, the total propagation matrix is given by Finally, the emitted field amplitudes are obtained as for the forward propagating one, where + E R and − E L are the electric field amplitudes for emission at the MgO/Si and Pt/Air interface, respectively. Only − E L is measured by the THz detector. The subscripts of the total transmission matrix M tot denote its elements. It is worth mentioning that these results have been compared to the findings of Sipe, presented in ref. 47 , and a similar formulation limited to a single metallic layer was used in ref. 2 .
PCA detector response function. The BTE simulation, the Green function formalism and the transfer matrix methods together show which THz pulse shapes and spectral components arrive at the detector. Additionally to the absorption losses of the THz wave by the metallic layers and the substrate, the experimentally measured spectra are also modified by the frequency-dependent sensitivity of the photoconducting antenna used as detector. We extract the detector function by comparing the numerically simulated THz-spectra of the Fe(2 nm)/Pt(3 nm) emitter grown on sapphire with the experimentally obtained spectra. As shown in Fig. 13 , the detector has its largest sensitivity at a frequency of about 850 GHz. The response of the detector has a 30%-value at 100 GHz and a steep drop at lower frequencies. For larger frequencies, the 10% and 1%-values are 3.5 and 5.5 THz, respectively. The results are similar to the calculations by Jepsen et al. 48 . Due to the strong phonon resonances of the GaAs substrate material, the upper limit of the measurable bandwidth is around 8 THz. Assuming the case that the THz-wave and the PCA response function have their spectral maximum at different frequencies, the maximum of detected spectra will be shifted but differences in the spectral maxima for different emitters are still visible.
